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Abstract 
Here, we use a calibrated high gradient laser trap to directly measure the total time-averaged 3D force on a dielectric silica parti-
cle in the regime of an ultrasonic standing wave. Acoustic radiation and acoustic streaming apply forces on an optically trapped 
particle within an acoustofluidic device. From measuring the induced displacements from the laser trap center in three dimen-
sions the acoustic forces (0.2-50pN) can be calculated in dependence of the particle position and excitation frequency. Thus, the 
real pressure distributions within acoustofluidic devices can be mapped out. The three dimensional direct measurement, as pre-
sented here, opens up the possibility to quantify so far inaccessible small scale phenomena such as the effects of: a.) local and 
global acoustic streaming, and b.) boundaries or close-by objects. 
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1. Introduction 
Spatial acoustic manipulation of objects within fluids and fluid-like materials is of fundamental importance in 
various fields of research and applications. The expanding ability to manipulate objects, like solid particles, func-
tionalized beads, cells, etc., has strongly contributed to advances in material science, life science and biophysical 
research. The prediction of the acoustic pressure amplitudes in microfluidic devices is one of the challenges in the 
ongoing research in this field. The small dimensions do not allow a trivial pressure measurement. In the applications 
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of acoustofluidic devices it is of major interest to have a full characterization of their acoustic properties, e.g. for 
device optimization. Also too high pressure gradients and radiation forces can damage cells or bacteria during ma-
nipulation. Therefore the acoustic pressure distribution in acoustofluidic devices needs to be experimentally meas-
ured to validate the simulations.  
Barnkop et al. (2010) were able to estimate the acoustic energy density by observing the motion of a particle to-
wards a pressure node within a water filled glass capillary. A comparison of the PIV (Particle Image Velocimetry) 
observations with a theoretical model led to the acoustic properties within the fluid cavity. Thalhammer et al. (2011) 
combined this indirect method with a long-range optical trap that had the advantage that the particle of interest can 
be placed at a predefined starting position of the motion observation. Recently, we used the concept of the optical 
trap to directly measure the acoustic pressure amplitude in micro acoustofluidic devices in 2D (Lakaemper et al. 
2015). A particle located in the fluid cavity was trapped in the optical potential of a high gradient laser trap and the 
acoustic standing wave field displaced the particle from the laser focus. A subsequent scanning of the acoustic force 
field was realized by moving the stage of the optical trap perpendicular to the nodal lines of the acoustic standing 
modes. From the particle displacement and a pre-calibration of the linear optical trapping stiffness the acoustic force 
in two dimensions could be directly calculated. The full three-dimensional (3D) acoustic force profile in an arbitrary 
channel has not been measured yet. In our current research we have further developed our optical trapping setup to 
make it possible to perform force scans to obtain the 3D acoustic force information at each position of the acousto-
fluidic devices.  
2. Theory  
In acoustofluidic devices three major acoustic forces act on micro particles. The dominating primary acoustic ra-
diation forces, the acoustic streaming forces and secondary acoustic radiation forces, due to particle interaction and 
scattering effects of the fluid cavity walls. For a single particle far away from any boundaries the latter can be ne-
glected.  
The acoustic radiation force Frad on a particle with a radius R<<Ȝ (Ȝ is the wavelength of the standing wave), is a 
gradient force defined as Frad =-U. The force potential U was found by Gor’kov (1962) for a compressible sphere 
in a non-viscous fluid and is given by 
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where p is the acoustic pressure field, v is the acoustic velocity field and <..> indicates the time-average over one 
wave cycle. The compressibility factor f1 and density factor f2, are defined as 
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where c is the speed of sound, k is the compressibility and U the density, the index 0 and p indicates the fluid and 
particle properties. In an acoustic one-dimensional standing wave field the acoustic pressure has the wave length ȜP 
and its corresponding time-averaged force field on a particle has the wave length PF OO 2
1 . The correlation OF and 
OP between the acoustic force and pressure field is important to extract the information about the acoustic pressure 
distribution out of the experimentally measured force field.  
The acoustic streaming forces are time averaged acoustic effects and were described by Lighthill (1978) as global 
Rayleigh streaming within the fluid bulk and Schlichting streaming within the viscous acoustic boundary layer. 
Schlichting streaming can be neglected in the observations of the acoustic forces by optical trapping, if the meas-
urement positions are chosen far away from boundaries. Whereas global streaming is of importance here, an exam-
ple of the streaming velocity distribution of an one dimensional standing wave mode was shown by Mueller (2012). 
The streaming force on spherical particles is a fluid induced drag force governed by the Stokes drag coefficient: 
J=3RPS, where P is the dynamic fluid viscosity. 
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In a laser trap optical forces form a potential well in which a particle can be trapped. In the ray optics description 
of a high gradient laser trap, the optical gradient and the scattering forces are responsible for forming the potential 
well (Askin 1986). The gradient forces FGR are related to the refractive index change between the fluid and the parti-
cle, due to the speed of light change at the liquid-particle interface. The scattering forces FSC are related to the light 
scattering on the particle surface. The scattering force always pushes the particle in the direction of the propagating 
light while the gradient force pulls the particle towards the laser focus. The sum of these forces forms a uniaxial 
symmetric trapping potential, which is slightly weaker along the z-axis of the light propagation direction. A schemat-
ic illustration of the optical forces is shown in Fig. 1a. 
The calibration of the laser trap is done by an indirect method, which observes the Brownian motion of a particle 
within the potential well. Due to the characteristics of the thermal particle motion (Langevin-Model, Langevin 
(1908)) and the assumption that the optical restoring force is linear proportional for small particle displacements, we 
can find a relation between the observed particle motion and the optical potential. On very short time scales the par-
ticle motion is not hindered by the trap but on longer time-scales the motion is constrained by the potential well. The 
characteristic cut-off frequency fc in frequency space of the particle motion leads to the spring stiffness: N =2SJfc.  
3. Setup 
For the experiments a high gradient laser trap is integrated in an upright standard microscope body (Nikon, 
Eclipse Ni-U). The near infrared laser with a wavelength of 975nm, 330mW is coupled into the optical path of the 
microscope and the microscope objective lens with a high numerical aperture (Nikon, CFI Plan Apo IR 60X WI, 
NA=1.27, WD=0.17) forms the beam waist, where the optical trapping potential is formed. The laser light is collect-
ed again by the microscope condenser (Nikon, C-C Abbe, NA=0.9) and forms the detection light path. The detection 
for the 3D characteristic of the optical trapping potential uses two quadrant photo detectors (QPD). One QPD is op-
timized for the xy-position detection during the acoustic experiments, whereas a second one is optimized for the per-
pendicular z-detection. Both QPDs are positioned in a plane conjugate to the back focal plane of the objective. The 
xy-QPD collects all laser light that is collected through the condenser whereas the z-QPD collects only the center 
part (NA 0.4) of the collected light which is most sensitive to the z-position (Dreyer 2004). The analog QPD-signals 
are digitized by a data acquisition board (National Instruments, NI-6253) and analyzed by a post-processing 
MatLab-routine. The exact measurement positions within the acoustofluidic devices are selected by a controlled mi-
croscope stage (Märzhäuser-Wetzlar, SCAN) in xy-direction and a stacked linear piezoelectric motor (PI-Piezo, 
E709) that moves the objective lens in z-direction.  
The acoustic experimental setup uses a frequency generator (Tektronix, AFG 3022B) and a power amplifier 
(MKS Instrumente Deutschland GmbH, ENI 2100L RF) to define the piezoelectric excitation frequency and ampli-
tude. The amplified sinusoidal signal is applied to the piezoelectric transducer on the device and determines the 
acoustic mode shapes within the acoustofluidic device.  
 
Fig. 1. (a) Schematic description of the gradient and scattering forces FGR and FSC on a spherical particle in an optical potential well. (b) Photo-
graph of the acoustic device. A piezo-electric transducer of about 3x0.5x8 mm in size was mounted with conductive epoxy parallel to the chan-
nel-length (x). The channel width of 4 mm is required to avoid optical scattering from the channel walls due to the used high numerical aperture 
objective. 
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The acoustic device is made out of a standard microscope slide and a coverslip (22x50mm, #0, thickness 75–
100ȝm, MENZEL GmbH, Menzel-Glaޠser). The material has defined standard sizes and has the advantage that the 
slide material has standardized optical properties. Strips, that were cut out of identical coverslips with a wafer saw, 
were used as spacer between the bottom slide and the top coverslip, such that a 4 mm wide fluid channel was 
formed. First, the strips  were glued onto the coverslip with a polyurethane spray glue (ITW, Cramolin Urethan), 
afterwards the formed channel stack was glued on the microscope slide. A standard-size piezo-acoustic actuator 
(Ferroperm, Pz26, l × w × h = 8 mm × 3 mm × 0.5 mm), which has its first thickness eigenfrequency at 2900 kHz 
including contact wiring, was glued on the slide using conductive glue (EPOXY Technology, H20E). A schematic 
illustration of the device with its transducer position is shown in Fig. 1b. 
4. Measurement Procedure and Results 
The results of our work show an acoustic standing mode at 1695kHz at 10Vpp excitation amplitude. Taking a 
reference position far away from the boundaries in the middle of the fluid cavity minimizes unwanted boundary ef-
fects. Therefore we took the reference position of all measurements at y = 0.5.width, z = 0.5.height of the channel 
and the x-position was chosen in the front of the piezoelectric transducer at x = 0.5.length of the transducer.  Meas-
urements were obtained at spatial intervals of 15Pm in z- and y-direction (wave propagation direction) and 150Pm in 
the perpendicular x-direction. The higher resolution in the wave propagation direction has the advantage to get more 
information about the acoustic mode. The lower resolution in the perpendicular x-direction helps to limit the dura-
tion of the experiment and it is reasonable because the mode shape for plane waves are expected to be constant 
along x or z. The dielectric silica particles (Microparticle GmbH) are strongly diluted in water within the fluid cavity 
of our device. The laser trap holds one single particle with a diameter of 2.06Pm at the reference position before an 
acoustic force scan is initialized. The control program of the trap calibrates the optical potential at each position and 
afterwards it starts a frequency sweep around our eigenfrequency (1600-1800kHz, 30sec sweep time, 10Vpp). The 
QPD displacement signals are recorded in the meanwhile, with a resolution of about 5nm.  
The first experiment shows a xy-scan of 1x1mm at 1695kHz and the resulting 3D acoustic force field in Fig. 2. 
The alternating pattern of positive (red) and negative (blue) force along the wave preparation y-direction can be 
clearly seen. Forces in x- and z-direction have a much smaller amplitude and do not show a clear correlation with the 
periodic forces in the y-direction. The z-force is mostly negative at this specific eigenfrequency, which could be a 
consequence of the non-symmetrical shape of the device. If we take the mean value of all measured y-force values at 
the same y-position we get a sinusoidal shaped force curve in y with wavelength OF =425Pm and an average peak 
force amplitude of 0.345pN. The theoretical one dimensional wave length should be 436Pm and we can predict by 
Eq.1 the acoustic pressure amplitude of 176kPa.  
 
Fig. 2. 3D acoustic forces on a 2.06Pm particle at relative x- and y-positions within the fluid channel at 1695kHz and 10Vpp excitation amplitude.  
Starting at the same reference position, the second experiment shows a scan in the perpendicular yz-plane of 
1x0.075mm in Fig. 3. The alternating pattern of positive (red) and negative (blue) forces along the wave propagation 
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y-direction can be again clearly seen, with force amplitudes which are in the same range as in the first experiment. 
Interestingly, amplitude of the y-forces decrease at lower z-coordinates which could be a device characteristic, 
streaming in y-direction or scattering effect and has to be investigated more in detail.  
The analysis and influence of the Rayleigh streaming on the measured acoustic forces will be a future project. In 
the presented results this effect was neglected but with decreasing particle diameters this effect will become more 
relevant and for particles smaller 1Pm it will become the dominating effect in acoustofluidics, Mueller (2012). 
 
 
Fig. 3. 3D acoustic forces on a 2.06Pm particle at relative y- and z-positions within the fluid channel at 1695kHz and 10Vpp excitation amplitude. 
5. Conclusion 
In order to experimentally test the current theoretical models describing the acoustic pressure field within acous-
tofluidic devices we constructed an optical trap that can detect forces in 3D. A micrometer sized sound-hard spheri-
cal particle was held at a specified position within a simplified fluid chamber. In our experiments we observed and 
monitored the particle displacement in the potential well of the optical trap while applying ultrasonic frequency 
scans. The corresponding acoustic forces were obtained at certain positions within the fluid cavity and allowed a full 
characterization of the mode shape. The measured quantitative force field led to the acoustic pressure information by 
the use of the existing theoretical descriptions. The obtained data agrees well with the predictions from theory and 
modeling and shows the potential of this method to validate acoustic simulations for acoustofluidic devices. Fur-
thermore the experiments can be extended to quantify so far inaccessible small scale phenomena such as the effects 
of local and global acoustic streaming, effects of boundaries or near objects as well as non-linear fluids. 
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